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Linac Low Level RFE (LLRF)
Operating Procedure.
8/31/94

Introduction

This note was prepared to act as a guide line for operation of the LLRF for the
Linac upgrade. The new portion of the linac will operate at 805 MHz. Two stations are
required for matching the beam from the 201 MHz drift tube linac cavities to the
new 805 MHz side coupled cavities and are called transition O or Buncher and
transition V or Vernier. Seven stations provide the acceleration to 400 MeV and one
debuncher station located in the booster accelerator. There will be two hot spare
stations: a 200 KWatt and 12 MWatt for quick replacement. Appendix I is a complete
set of system block diagrams.

This procedure was written while tuning up the final version of the LLRF system.
All names Lx#### are linac data base names on the Macintosh console. (For work on
ACNET, the data base names are L:Lx####.) The second letter of the data base name
indicates station location. Each Linac station will have a different unique character
in this position of the data base name (0,V,1,2,3,4,5,6,7,D). See appendix II for
complete listing of data base names used for the LLRF. Any RF voltage measurements
were made with a Tektronix 7104 scope with 1 GHz bandwidth plug-ins or the HP
8990A peak power analyzer.

The cards should be plugged into the VXI crate as shown in Figure 1. NEVER
PLUG/UNPLUG MODULES WITH THE VXI CRATE POWER ON. The LLRF card, the VCXO
card, and the Phase Detector/Shifter cards have dip switches on the side. It is
important, especially in the transition section, to see that these are properly set.
Appendix Il shows the proper settings. Make sure that all cards are firmly seated in
the VXI crate. Do a complete inspection of the parameters in the data base before
hooking up the drive cable to the solid state amplifier and fanback cable from the
cavity. (Check that all settings and readings are functional.) The slot zero controller
card requires a TTL trigger for TO and a 10 MHz TTL recovered Tevatron clock. These
signals are available from the control system and are plugged into the front panel of
the slot zero controller. The LLRF card requires a TTL active high beam present
signal from the control system for feed forward operation. The LLRF module also
receives a TTL enable (active high) from the interlock system. A complete set of
schematics of all VXI modules and beam loading test box are in Appendix IV.
Appendix V contains the calibrations for LLRF modules and test point cables at each
station. This note is not intended to have modulator operating procedure. It is
assumed that the modulator is already up and running. If there are any problems or
questions with the modulator refer to a qualified modulator specialist.
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Module Description

Slot Zero Controller is the manager for the rest of the crate. It is responsible for
distributing the sync clock and trigger.

VME computer does the communications and control of the RF system. It also has
the task of computing the feed forward algorithm.

VME Vertical Interconnect is the serial interface to the Linac Control system.

The memory card contains the operational code and stores the default start up
parameters.

The 805 Mhz Phase Detector/Shifter VXI Module provides three functions for the
Linac Upgrade LLRF system. It’s main purpose is to place a stable 360 phase shifter
in line with the RF reference, before the LLRF controller module. This function was
requested to aid in cavity phase tuning. The second function is a 360 degree phase
detector. This detects the relative phase between the RF reference and the cavity
fanback signal. There is also a single channel diode detector(LxSDET) that is used to
monitor the cavity fanback gradient voltage(CxGRAD). The phase detector output is
two signals, the in phase(I) and quadrature(Q) components. All signals are sampled
at time=LLRF trigger + LxSDLY. For phase stability, the RF components of the
detector and shifter are located in a temperature controlled oven(LxSTMP). This oven
regulates at 50 C and should be allowed to warm up for 30 minutes for best phase
stability. See appendix VI for memory map details.

Low Level RF provides the independent Amplitude and Phase closed loop control as
well as the ADC's and DAC's for the feed forward loop.

Temperature Loop Phase Detector/ Start Up VCXO has a phase detector that
compares the fanback to cavity drive phase (LxWGPH). This signal is used in
conjunction with the VCXO portion to keep the cavity on resonance.

Cavity Temperature Control

There is a sophisticated water temperature control system for regulating the
temperature of the cavities. This system is responsible for keeping the cavities at the
proper resonant frequency. If the RF ceases to pulse for even a very short period of
time (seconds), the resonant frequency of the cavity changes due to lack of RF
heating of the cavity nose cones. When the frequency of the cavity changes even a
small amount, it changes the load impedance that the klystron sees. This condition
may produce excessive reflected power resulting in tripping off the klystron. The
longer the klystron is off, the farther the drift in frequency. The water system
cannot adjust for this small temperature change due to the long temperature time
constant of the cavity. A phase detector in the VCXO card provides an error signal
(LxWGPH) to this control system. It is the phase difference between the cavity drive
signal and the fan back sum. Because of the high Q of the cavities, this is a very
sensitive indicator of temperature change. When the error signal is out of range (as
determined by the control computer) the control system switches to the local VCXO
(LxVCXO and a red LED on front panel of VCXO VXI module). The local VCXO is driven
by this error signal (via the computer) to the new cavity resonant frequency hence
allowing the klystron to operate. As the nose cones heat up, the cavities get closer to
the reference oscillator frequency. Once the error voltage (LxWGPH) is back within



limits, the control is switched back to the reference oscillator (IxVCXO and a green
light on the front panel of the VCXO VXI module). If the water system is not
functioning properly, it will be impossible to continue with this setup
procedure. Refer to a qualified water system expert.
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Parameter setup

Before setting up the parameters, it is important that the Klystron is running at
its final Gun Voltage. Figure 2 is a plot of Phase Detector monitor and Klystron power
versus Gun volts. Group delay variation occurs in the klystron due to kinetic energy
change (gun voltage) in the tube’s electron beam. Likewise the gain of the klystron
changes with Gun Volts. The solid state drivers exhibit gain variation unit to unit of
plus or minus 2 dB and have been internally modified to have the same phase delay.
This facilitates spare replacement.

It is important to first check the power level of the master reference oscillator.
The normal cabling of the reference oscillator is to the Phase Detector/Shifter card,
then to the VCXO card and finally to the LLRF card by using 0.141 semi-rigid coaxes.
Using a power meter verify that the level is +16 dBm +/- 0.5 dB at the input to the
Phase Detector/Shifter card. If it is not, then adjust the level by using an SMA
attenuator. (Available in 1 dB increments and phase matched to 3 electrical degrees
at 805 MHz)

Set the length of the desired linac pulse duration by adjusting LxTDLY. Duration
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is nominally 60 microseconds to reduce cavity sparking. (This parameter can be as
long as 200 microseconds but the modulator is limited to 125 microseconds maximum.)
The FIFO memory length (LxFIFO) should be set approximately 10 microseconds
longer than LxTDLY. LxFIFO is the memory depth of the feed-forward playback. This
longer time can be used to provide a soft turn off function.

Adjust the magnitude set point DAC (LxGSET) to O volts. Make sure that the system is
in open loop mode (LxMGEN, LxPHEN, LXFDFW off). Turn on the solid state driver and
slowly bring up the set point DAC (LxGSET) to 3 volts. Adjustment of the drive level by
means of a SMA pad at the LLRF card drive output should be made to run the system
near 7.5 MWatts for an accelerating station or 120 KWatts for the transition and
debuncher stations. (Observed on the directional coupler #1,#2, #3, and fanback sum
forward power, calibrations are posted). For proper system gain, it is important that
the fanback level to the LLRF module be set to +19 dBm. The nominal coupling value
to the LLRF fanback front panel monitor is 17.25 dB plus 1 dB for the cable to the
scope, i.e. +0.75 dBm or 345 mVolts zero to peak. Install a SMA attenuator at the input
to the LLRF module to get this value. Figure 3 is a typical LLRF module detector
transfer function that can be used as a cross check. In the same manner, set the
fanback power levels to the VCXO module to +16 dBm and Phase Detector/Shifter
module to +14 dBm.
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Setting Up Closed Loops

The LLRF module is capable of a max. drive of typically +2 dBm. The Klystron is
capable of 12 MWatts output (200 KWatts transition and debuncher). It is desirable to
attain 12 MWatts (or 200K Watts) with 3 dB of LLRF drive overhead. Due to reflected
power trips, it may be necessary to shorten the length of the pulse (LXFIFO) to do this
test. The drive monitor port on the LLRF card is 10 dB down from the drive out port.
An 8-10 nanosecond test cable to the scope has approximately 1 dB insertion loss at
805 MHz. If 12 MWatts is desired with -1 dBm of drive, this will be -12 dBm at the scope
or 80 mVolts zero-peak.

The following procedure is for experts only. It is written here for completeness.
Two adjustment potentiometers are accessible through the side panel of the LLRF
module. (The VCXO card needs to be removed to access the pots.) Trim pot R72 is the
nonlinear gain control . Note that this adjustment must be made open loop (LXMGEN,
LxPHEN, LXFDFW off). The intent of this adjustment is to linearize the gain of the
system. Adjust LxGSET to change in 0.2 volt increments on the Macintosh console.
Adjust R72 until linear steps in gain are noted on one of the forward power couplers
over a range of 3 to 10 MWatts (40 to 140 KWatts). Turn down LxGSET and turn on the
magnitude feedback LxMGEN. Trim pot R108 is the max. drive clamp control. It is to
be adjusted to start clamping between 11 and 12 MWatts (180-200 KWatts). Typical
curves from both the Varian TV Kklystron and the 12 MWatt Litton klystron are
shown in figure 5. Note that beyond a certain drive level the gain becomes very
nonlinear an could cause unstable operation. Run the system at 7.5 MWatts (120
KWatts) by increasing LxXGSET and note the initial drive over shoot of the solid state
forward power monitor on the scope (available on the patch panel at the top of the
rack). Adjust trim pot R108 until the over shoot is approximately twice the voltage
required for steady state drive level on the scope or +3dB on the power analyzer as in
figure 4.
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For stable operation, it is important to operate the phase shifter in the LLRF
module at the correct voltage. These phase shifters are nonlinear devices. Stable
gain is achieved when they are operated in the 20 to 30 degrees per volt range
(Figure 6), nominally 4-6 volts on the phase shifter control voltage input. Set the
open loop phase set DAC to 5 volts (LxPOPN). Close the phase loop (LxPHEN on) and the
phase detector signal on the monitor should appear close to zero volts as it does in
figure 7 (indication of phase regulation). If the results are not similar to those in
figure 7, there is a possibility that the sign of the feedback could be wrong so
change (LxPHSN). The nominal operating setting for LxPHSN should be zero. When a
klystron needs to be changed, the setting of LxPOPN can be adjusted to compensate
for small phase changes (20-50 degrees) between klystrons. If the new klystron has
a phase difference larger than 50 degrees, a new fanback sum cable may have to be
cut.
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Feed-Forward.

To initially test the feed-forward functions (no beam available), first connect the
beam load test box in series with the LLRF module output and the solid state driver
input. (This box introduces a magnitude and phase step during the linac pulse to
simulate beam loading on the cavity. Actual beam loading performance will not be
observable unless there is beam in the linac.) The TO trigger is necessary for
triggering the test box. With all loops in open loop mode (LxMGEN, LxPHEN, LxFDFW
off) adjust the beam load box for a 18 degree phase step and a 10 percent amplitude
step. These values have been projected as the worst case system beam loading.



Adjustment can be made using the pots that are recessed in the front panel of the
beam load test box. The calibration for the phase detector front panel on the LLRF
module is approximately 30 millivolts per degree and dependent on fanback power
level, see figure 8. The front panel phase shifter monitor in the beam load box
should be operating at approximately 4 to 5 volts. Monitor the magnitude detector on
the LLRF for a 10 percent dip as in figure 9. Turn on the feedback loops (LXxMGEN,
LxPHEN on) and notice that they correct some of the step discontinuity but not all, see
figure 10. Maximum stable gain prohibits better performance hence the requirement
of feed-forward.
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There is a front panel input on the LLRF module for a TTL active high beam
present signal. This can be monitored from the control system via LXBEAM. In the
final linac this signal will be generated by the control system based on beam at the
first linac drift tube station. The presence of this signal tells the feed-forward
computer to modify the feed-forward signal. The feed-forward wave form is modified
only on machine cycles that have beam in them. Without the beam present signal,
the computer will continue to play out the last computed wave form computed from
beam loading.

Feed-forward Parameter Setup

Feed-forward gain (LxMGAI magnitude loop, LXPGAI phase loop) is the
multiplier for the feed-forward error signal. It’s value will determine the time
response of the learning algorithm. The higher the gain the faster the response.
Too high a value can be unstable or susceptible to noise. For LxMGAI=12 the



hardware provides unity gain across the input to output of U21 on the LLRF
schematic. Likewise for LxPGAI=2 provides unity gain input to output of Ul4.
Optimum gain was calculated at LxXMGAI=676 but may be unstable. A value of 340 for
both loops has worked well so far.

Feed-forward offset (LxMOFF, LxPOFF) is the baseline value in DAC counts for
the feed-forward signal. The DAC's are 12 bit or 4096 counts and are offset by 1/2 full
scale in the analog circuit. A value of 2048 (mid-scale 2.6 volts measured) will
effectively be O volts out of the fast DAC for the feed-forward network. Offset gain
was measured to be 1.27 mV/count. The time constant for the feed forward loops was
measured to be 24 clock cycles.
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Feed-Forward Timing Setup

Use a digital scope to measure the start and stop times of the beam loading
signal as seen on the LLRF module front panel phase detector and the magnitude
detector. The scope trigger must be the system trigger TO. Refer to figure 11 for
proper timing. LxPHNO, LxMNO, LxPHN1, LxMN1, LxPHN2, and LxMN2 are all
“duration times” with respect to LxxxTx. Set the no beam loading sample start times to
a stable point before the beam load.

Turn on the feed-forward loops with LXxFDFW. When the times are properly set
performance similar to Figure 12 should be visible. Figure 12 shows better than 1
percent amplitude and 1 degree phase regulation through out the beam loading
pulse. Slight adjustments of LxPHT2 and LxMT2 will improve the initial transient
response.
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The feed-forward system is an adaptive system. Figure 13 shows the learning curves
as viewed on the Magnitude and Phase Drive LLRF Module front panel monitors.
After about 15 pulses the system achieves best performance. This is about 1 second
real time with the linac operation at 15 Hz.

Figures 14 and 15 show the regulation performance versus operating point of the
Magnitude and Phase loops respectively. Magnitude loop regulates over a 6 dB range
and the Phase loop regulates over a 25-50 degree range. For operations, the linac
amplitude will be fixed hence 6 dB is ample and phase regulation far exceeds beam
loading.
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LLRE Module

LxADLY: MADC sample delay time from trigger. Can be used to
make fast time plots.

LxBEAM: Beam present status readback. feed-forward
modifies output only when this status is true.

LxCNTL: VXI LLRF module board control word.

LxFDFW: Enables/disables the feed-forward loops.

LXFIFO: Sets the time length of the RF gate pulse.

LxMDET: Magnitude loop diode detector readback.

LxMERR: Magnitude loop error voltage.

LxMFDA: Magnitude feed-forward fast playback DAC
LxMGAI: Magnitude feed-forward gain set DAC.
LxMGEN: Enables/disables the magnitude feedback loop,.
LxMGST: Magnitude closed loop set point DAC readback.

LxMIXD: Magnitude loop mixer attenuator drive voltage.
LxMNO: Magnitude feed-forward no load sample duration time.
LxMN1: Magnitude feed-forward beam load sample duration time.
LxMN2: Magnitude feed-forward playback stop time.
LxMOFF: Magnitude feed-forward offset DAC.

LxGSET: Magnitude closed loop set point DAC.

LxMTO: Magnitude feed-forward no load sample start time.
LxMT1: Magnitude feed-forward beam load sample start time.
LxMT?2: Magnitude feed-forward playback start time.
LxOPEN: Phase open loop set point DAC readback.

LxPDET: Phase loop phase detector voltage.

LxPERR: Phase loop phase detector voltage.

LxPFDA: Phase feed-forward fast playback DAC.

LxPHDA: Phase closed loop set point DAC.

LxPHEN: Enables/disables the phase feedback loop.

LxPHFL: Fast drive phase flip monitor readback.

LxPHG: Phase feed-forward gain set DAC.

LxPHMN: Fast minus drive phase flip control.

LxPHNO: Phase feed-forward no load sample duration time.
LxPHN1: Phase feed-forward beam load sample duration time.
LxPHNZ2: Phase feed-forward playback stop time.

LxPHOF: Phase feed-forward offset DAC.

LxPHPL: Fast plus drive phase flip control.

LxPHSN: Toggles the output phase by zero or 180 degrees.
LxPHST: Phase closed loop set point DAC readback.

LxPHTO: Phase no load sam